Progress in aeronautics and spaceflight technologies requires in parallel further research on how microgravity may affect human tissue. To date, little is known about the effects of microgravity on human development. In this study we used the rotary cell culture system to investigate whether microgravity supports the generation and maintenance of neural organoids derived from human embryonic stem cells (hESCs) as a model of human brain development. Our results show that although neural organoids could be generated and maintained in microgravity conditions, there were changes in expression of rostral-caudal neural patterning genes and cortical markers compared to organoids generated in standard conditions. This phenomenon was also observed in hESC-derived cortical organoids exposed to microgravity for relatively shorter periods. These results are one of the first for analyzing human neurogenesis in a microgravity environment.
Introduction

W
ith the rapid advance of aeronautics and spaceflight technologies, understanding effects that microgravity plays on the human brain at a physiological and psychological level has become of relevant interest [1] [2] [3] . There are several studies describing how microgravity may impose cellular and structural changes within the brain [4] [5] [6] [7] [8] . However, an area that is little explored and understandably difficult to investigate is the effect of microgravity on human brain development. This is of particular relevance when considering the possibility of embryogenesis and fetal development occurring within a microgravity environment.
The rotary cell culture system (RCCS) was developed by NASA in the 1990s and proposed as a suitable in vitro platform for addressing the effects of microgravity on cells/ tissues [9] . It consists of horizontally rotating culture vessels, which are filled with medium and equipped with a membrane allowing a proper gas exchange. The rotational speed can be adjusted through an external engine to maintain a continuous falling motion of samples, analogous to a zero or microgravity environment. Such operational procedures generate a laminar flow state, thereby reducing the shear stress imposed on cells which is normally associated with bioreactors [10] [11] [12] . Moreover, the fluid flow generated by rotational motion greatly supports the exchange of nutrients and waste products allowing long-term culture of tissues.
In this study we examined whether microgravity conditions support the generation and maintenance of neural organoids derived from human embryonic stem cells (hESCs) as a model of early brain development. Organoids derived from hESC were cultured in RCCS for different periods, including from day 1 of neural induction (1 day in vitro; 1 DIV) until day 49 of neural differentiation (49 DIV). Our results demonstrate that the RCCS supports formation, proliferation of hESC-derived neural organoids, and their commitment toward glial and neural subtypes. Neural organoids cultured in the RCCS from 1 DIV were significantly larger compared to organoids cultured in RCCS for shorter periods. Interestingly, hESC-derived neural organoids generated and expanded in the RCCS showed reduced expression of forebrain markers and higher expression of caudal markers compared to organoids cultured in static conditions. These data suggest that microgravity culture conditions may affect the regional specification of hESC-derived neurons in terms of the rostral-caudal axis. Overall, these findings demonstrate the utility of the RCCS as a platform for supporting the generation and growth of hESC-derived neural organoids within microgravity conditions and additionally, how microgravity conditions may influence the neural fate of ESCs. These results are significant for understanding the potential impact of microgravity on human brain development.
Materials and Methods
Culture and differentiation of hESC
This project is approved by University of Melbourne Human Ethics committee (No. 1545384). Human ES cell lines, H3 (kindly provided by E. Stanley and A. Elefanty, Murdoch Childrens Research Institute, Australia) and H9 (WA09; WiCell), were maintained as bulk culture in feeder-free conditions on Vitronectin (StemCell Technologies) coated dish (Corning) using TeSR-E8 basal medium (StemCell Technologies).
For induction of protocol A, protocol C, and protocol D, cells were passaged using 0.5 mM EDTA (Life Technologies), plated on laminin (Life Technologies)-coated plates (Corning) in TeSR-E8 basal medium. After 24 h medium was replaced with N2B27 medium containing 1:1 mix of neurobasal (NB) medium with DMEM/F12 medium, 1% insulin/ transferrin/selenium, 1% N2 supplement, 1% retinol-free B27 supplement, 1% GlutaMAX, 1% penicillin-streptomycin (Life Technologies), and 0.3% glucose, supplemented with inhibitors SB431542 (10 mM, Tocris) and LDN 193189 (100 nM, KareBay Biochem). Medium change was performed on day 3 of induction and replaced with N2B27 supplemented with fibroblast growth factor 2 (FGF2) (20 ng/mL, Peprotech) on day 7 and changed on day 10. On day 14 cells were harvested and cultured in U-bottom ultralow attachment 96-multiwell plates to form organoids, in NB medium containing 1% insulin/transferrin/selenium, 1% N2 supplement, 1% retinol-free B27 supplement, and 1% penicillinstreptomycin, supplemented with FGF (20 ng/mL, Peprotech) and EGF (20 ng/mL, Peprotech) up to day 28 and with unsupplemented NB medium up to day 49.
For protocol C, at day 15, 300 organoids were transferred into each RCCS-SC 10 mL vessel. For protocol D, at day 28, 300 organoids were transferred into each RCCS-SC 10 mL vessel. Medium change was performed every third day from day 14 to 49 of induction.
For protocol B, aggregates of 1000 ES cells were plated in Ubottom ultralow attachment 96-multiwell plates (Corning) in TeSR-E8 basal medium to form embryoid bodies. After 24 h, 300 embryoid bodies were transferred into each RCCS 10 mL vessel (Synthecon) in N2B27 medium supplemented with inhibitors SB431542 and LDN 193189. Medium change was performed on day 3 of induction and replaced with N2B27 supplemented with FGF (20 ng/mL, Peprotech) on day 7 and changed on day 10. On day 14 medium change was performed, and organoid was cultured with NB medium supplemented with FGF and EGF, which was replaced with unsupplemented NB medium up to day 49. Medium change was performed every third day from day 14 to 49 of induction.
The RCCS was placed in an incubator at 5% CO 2 and 37°C, and speed rate was gradually increased overtime to ensure a continuous falling motion of organoids. Bright field images of organoids were obtained using a ZEISS Observer Z1 with ZEN imaging software.
Size of organoid measurement
To compare the size of organoids derived from protocols, bright field images were randomly taken for n = 3 organoids for each condition using ZEISS Observer z1 with ZEN imaging software. All images were taken at a consistent magnification for each experiment. ImageJ software was used to estimate the largest diameter of each organoid, briefly, by manually drawing a straight line across the center of the organoid and the length of which was documented in mm.
Immunohistochemistry
Organoids were collected and fixed with 4% paraformaldehyde for 1 h on ice. Fixed samples were incubated overnight at 4°C with 20% sucrose, embedded with O.C.T. compound (VWR Chemicals), and sectioned using a cryostat to obtain 12-14 mm sections.
For immunostaining, cryosections were permeabilized using 0.2% Triton X-100 solution and incubated with primary and secondary antibodies in 10% Fetal Calf Serum (Millipore)/ phosphate-buffered saline (Life Technologies) blocking solution. The following primary antibodies were used: antiTubbIII (mouse, 1:500; Merch, MAB1637), anti-Map2 (mouse, 1:500; Sigma-Aldrich, M4403), anti-S100b (mouse, 1:1000; Sigma Aldrich, S2532), anti-FOXG1 (rabbit, 1:500; Abcam, ab18259), anti-TBR2 (EOMES) (rabbit, 1:200; Novusbio, NBP 180699), anti-TBR1 (mouse, 10 mg/mL; Novusbio, H000107 16M01), and anti-HOXA2 (rabbit, 1:500; Sigma-Aldrich, H9665).
Alexa Fluor 488 conjugated anti-mouse IgG and Alexa Fluor 488 and 568 conjugated anti-rabbit IgG were used as secondary antibodies at a final concentration of 1:1000 (Life Technologies). Nuclei were visualized using 4¢,6-diamidino-2-phenylindole, dihydrochloride (DAPI) counterstain (1 mg/mL final concentration; Sigma-Aldrich). Samples were mounted onto glass slides using moviol mountant followed by image capture using a Nikon A1R confocal microscope. Immunohistochemistry analysis was performed on specimens from at least three organoids per protocol.
Quantitative real-time PCR
For comparative quantitative analysis total RNA was extracted using PureLink RNA Mini Kit (Life Technologies) according to the manufacturer's instructions. One microgram of RNA was used to synthesize first-strand cDNA with random primers using SensiFAST cDNA Synthesis Kit (Bioline). The quantification of every mRNA was carried out by real-time quantitative PCR. Experiments were conducted to obtain relative levels of each transcript normalized for the endogenous controls GAPDH and HMBS in every sample. Gene expression is presented using the -2 DDCt method. Real-time PCR was performed with TaqMan Universal Master Mix (Applied Biosystems). Each reaction was run in triplicate and contained 4.5 mL of cDNA template in a final reaction volume of 10 mL.
The specific probes (Life Technologies) that have been used are as follows:
, and S100b (Hs00902 901_m1). Cycling parameters were as follows: 50°C for 2 min, 95°C for 10 min to activate DNA polymerase, then 40-45 cycles of 95°C for 15 s, and 60°C for 1 min.
Statistical analysis
Statistical analysis was performed using GraphPad Prism 7 software. For two independent sample comparison, the statistical significance was determined using the t-test with Holm-Sidak method and alpha = 5.000%, whereas for multiple comparisons, the one-way ANOVA with Dunnett test. For Q-PCR analysis, data are shown as mean -SD of n = 3 biological replicates obtained from separate experiments, whereas for organoid size quantitative comparison analysis, as mean -SD of n = 3 technical replicates.
Results
Forebrain specified neural organoids derived from the standard protocol
One of the classical methods of generating organoids/ neurospheres from hESC involves treating hESC colonies with inhibitors of SMAD signaling pathways for 1 week followed by FGF treatment for another week. This 2-week period of neural induction results in formation of rosette clusters of neuroepithelial-like cells that express SOX2 and forebrain markers, PAX6 and FOXG1 [13, 14] . Neural rosettes are then harvested and cultured in low attachment dishes to promote formation of organoids/neurospheres (referred to as ''protocol A'', Fig. 1A ).
We and others have shown that organoids generated from SMAD inhibition consist of neural progenitors expressing cortical markers, including TBR2, TBR1, SATB2, and CTIP2 (Supplementary Fig. S1 ; Supplementary Data are available online at www.liebertpub.com/scd) [14] [15] [16] . During brain development, TBR2 is expressed in early cortical progenitors that further differentiate to give rise to the 6 layers of cortical cortex, starting with deep cortical layer 6 to eventually upper layer 1 [17] [18] [19] . TBR1 is expressed in layer 6 cortical neurons [19, 20] . CTIP2 and FEZF2 are expressed in layers 6 and 5 [21] [22] [23] [24] [25] . SATB2 is detected in layers 5, 4, 3, and 2 [26] [27] [28] . It can be considered that organoids derived from protocol A somewhat mimic expression of early human cortical development.
Neural induction and organoid formation within a microgravity system
We explored the utilization of RCCS to generate organoids from hESC as a novel in vitro model for investigating effects of microgravity on human cortical development.
HESCs were initially cultured as aggregates for 1 day and then transferred to the RCCS in neural induction media containing SMAD inhibitors for 1 week, followed by supplementation of FGF for another week (referred to as ''protocol B'', Fig. 1B ). We found that from day 1 of neural induction, the aggregates continued to enlarge within the RCCS forming organoid-like structures. At 49 DIV, the RCCS-derived organoids were significantly larger in size relative to protocol A organoids ( Fig. 2A) . This increase in size was not correlated with a corresponding significant increase in the proliferative marker, Ki67, expression at 14, 28, or 49 DIV (Fig. 2B) . The difference in organoid sizes observed between the two protocols may be attributed to the first 14 days of neural induction, which occurs as a monolayer for protocol A but in 3D for protocol B. Indeed at 14 DIV, the organoid size for protocol B was already greater than 200 mm (Fig. 1B) .
Rostral-caudal specification in RCCS-derived organoids
Given that the neural induction factors and media used to generate the RCCS organoids were the same as that used for the standard protocol A, we performed real-time quantitative PCR (Q-PCR) analyses to determine relative expression of rostral-caudal markers. We found that at 14 DIV, RCCSderived (protocol B) organoids expressed lower levels of the forebrain markers, PAX6 and FOXG1, and significantly higher levels of midbrain marker, ENGRAILED1 (EN1), and hindbrain markers, GBX2 and HOXA2, relative to neuroepithelial cells derived from protocol A (Fig. 3A) . Significantly reduced expressions of PAX6 and FOXG1 and higher expression of EN1 within protocol B organoids were also observed at 28 DIV and 49 DIV (Fig. 3B, C) . HOXA2 and GBX2 expressions were also detected in most protocol B organoids at 49 DIV (Fig. 3C) . In contrast, HOXA2 was not detected at 49 DIV by Q-PCR in protocol A organoids (Fig. 3C) .
Consistent with a loss of forebrain identity, at 28 DIV protocol B organoids showed significantly reduced expression of cortical markers, TBR2, TBR1, and CTIP2, relative to protocol A organoids (Fig. 3B) . FEZF2 expression was also reduced, but not to significant levels. Significant reduction of TBR2, TBR1, and FEZF2 was also observed within protocol B organoids at 49 DIV. Notably, expression of SATB2 was higher in protocol B organoids relative to protocol A organoids (Fig. 3B) . Although SATB2 is expressed in cortical layers during brain development, its expression is also found in hindbrain neural progenitors [28] .
Immunostaining analyses in protocol A-and B-derived organoids showed consistent results with the Q-PCR data ( Supplementary Fig. S1A-H) . Protocol A-derived organoids showed positive staining of forebrain marker FOXG1 and cortical progenitor markers, TBR2 and TBR2, whereas this was not observed for protocol B-derived organoids. In contrast, cells expressing the caudal hindbrain marker, HOXA2, were found in protocol B organoids, but not in those derived from protocol A.
Overall, these data suggest that the RCCS-derived organoids may be specified toward a more caudal identity despite being exposed to forebrain-inducing factors.
Expansion of organoids in microgravity conditions
The abovementioned results led us to question at what stage of hESC neural differentiation can microgravity influence neural specification. To address this, 14 DIV forebrain neuroepithelial cells generated from protocol A were cultured in the RCCS for a further 35 days (referred to as ''protocol C'', Fig. 1C ). We also cultured 28 DIV protocol A organoids, which consist of forebrain and cortical neural progenitors, in the RCCS for an additional 21 days (referred to as ''protocol D'', Fig. 1D) .
At 49 DIV, we observed that the protocol C-and D-derived organoids were of a similar size to 49 DIV protocol A organoids. This supports the notion that the neural induction stage, which occurs as a monolayer for all three protocols, may influence organoid size. Interestingly, however, protocol C organoids showed significantly higher expression of Ki67 at 28 DIV relative to protocol A organoids (Fig. 2B) . This increase was not reflected at 49 DIV in terms of organoid size differences. It may be that certain cell types are transiently expanded by microgravity conditions. Q-PCR analyses were performed to examine expression of rostral-caudal markers within organoids derived from protocols C and D. At 28 DIV, protocol C organoids were exposed to microgravity for 14 days and showed a significant reduction of forebrain markers, PAX6 and FOXG1, as well as cortical markers, TBR2, TBR1, CTIP2, and FEZF2, relative to protocol A organoids (Fig. 3B) . There was no difference in SATB2 expression levels. The reduced expression of forebrain (PAX6 and FOXG1) and cortical (TBR2, TBR1, and FEZF2) markers in protocol C organoids was also observed at 49 DIV, which corresponds to 35 days of exposure to microgravity conditions (Fig. 3C) . However, CTIP2 expression levels were not different between protocol A and C organoids (Fig. 3C) .
While SATB2 expression was observed to be higher in protocol C organoids relative to protocol A organoids at 49 DIV, this increase was not significant (Fig. 3C) . Similarly, protocol C organoids showed higher expression of HOXA2 compared to protocol A at both 28 DIV and 49 DIV, but this increase was not significant. There were also no significant changes in EN1 and GBX2 expressions in protocol C organoids at these timepoints.
At 49 DIV, protocol D organoids consist of forebrain and cortical neural progenitors that are cultured in microgravity conditions within the RCCS for 21 days (49 DIV) (Fig. 1D) . Interestingly, the gene expression profile of protocol D organoids at 49 DIV was similar to protocol C organoids, whereby a significant reduction of forebrain (PAX6 and FOXG1) and cortical (TBR2, TBR1, and FEZF2) markers relative to protocol A organoids was observed (Fig. 3C) . Surprisingly, SATB2 expression was not detected in protocol D organoids. No differences were observed in CTIP2 expression and also caudal markers, EN1 and GBX2 (Fig. 3C) . HOXA2 expression was also detected in protocol D organoids (Fig. 3C ) as in contrast to protocol A organoids, whereby HOXA2 expression was undetectable.
Immunostaining analyses of protocol C-and D-derived organoids at 49 DIV were also performed to investigate their forebrain-cortical commitment at the protein level. Organoids derived from both protocols showed similar results whereby TBR2 positive cells were detected but no FOXG1 positive or TBR1 positive cells were found ( Supplementary  Fig. S1 I-K, M-O). HOXA2 expression was also not detected in the protocol C and D organoids ( Supplementary  Fig. S1L, P) . These results are consistent with Q-PCR data suggesting that protocol C-and D-derived organoids may not maintain a forebrain commitment.
Taken together, these data are intriguing and suggest that microgravity conditions do not fully support maintenance of hESC-derived cortical neural progenitors, but perhaps biases and/or supports differentiation toward caudal neural progenitor types. Given these results, it may be that the RCCS system requires other factors in addition to SMAD inhibitors, such as Wnt inhibitors, to promote and support human pluripotent stem cells (hPSC) differentiation to forebrain neural progenitors and cortical neurons. 
Expression of neuronal and glial markers within organoids cultured in microgravity
Immunostaining analyses at 49 DIV confirmed expression of neuronal and glial markers in organoids derived from protocols A, B, C, and D (Fig. 4A) . However, given the reduction of cortical marker expression in organoids cultured in the RCCS, we wanted to compare whether there were also any changes in the expression levels of neuronal and glial markers.
Q-PCR analyses were performed at 28 DIV and 49 DIV to determine relative expression of pan-neuronal markers, bTubulin 3 and MAP2ab, and glial marker, S100b. Interestingly, protocol C organoids showed a significant reduction of MAP2ab levels relative to protocol A organoids at 28 DIV (Fig. 4B) . b-Tubulin 3 expression was also relatively lower but not at significant levels. However, by 49 DIV the levels of neuronal markers in protocol C organoids were more concordant with protocol A organoids. These data suggest that neuronal differentiation is delayed within protocol C organoids upon their exposure to microgravity conditions, which is consistent with the significant increase in Ki67 expression found at 28 DIV (Fig. 2B) .
In contrast, expression of neuronal markers in protocol B organoids was similar to protocol A organoids at 28 DIV, but was then reduced at 49 DIV, particularly for MAP2ab which was significant (Fig. 4B) . Protocol D organoids showed no change in neuronal marker expression.
Expression of S100b was observed to be lower in protocol B organoids at 28 DIV, but this was not significant. There were also no significant differences in S100b expression at 49 DIV between organoids derived from each protocol.
Collectively, these data demonstrate that RCCS supports organoid formation from hESC, but the rate of neuronal differentiation may be altered under microgravity conditions. Further in-depth studies of multiple neural and glial lineages are required to determine whether microgravity influences proliferation and/or differentiation of specific cell types within neural organoids.
FIG. 3.
Q-PCR analyses for assessing rostral-caudal specification of neural organoids. Expression of neural patterning markers (PAX6, FOXG1, EN1, GBX2, and HOXA2) and cortical markers (TBR2, TBR1, CTIP2, FEZF2, and SATB2) at 14 DIV (A), 28 DIV (B), and 49 DIV (C) in organoids derived from protocols A, B, C, and D. Expression values are all normalized to protocol A organoids for each timepoint, except for HOXA2 expression at 49 DIV, which was normalized to protocol B organoids. Note that SATB2 expression in protocol D organoids and HOXA2 expression in protocol A organoids were not detectable at 49 DIV and therefore not shown. Data presented as mean -SD (n > 3 experimental biological replicates with n > 3 samples per experiment). The t-test was used to assess significance for (A) and one-way ANOVA with Dunnett test for (B) and (C) (*P < 0.1, **P < 0.01, ***P < 0.001).
Discussion
The development of the RCCS, with its capability of recreating spaceflight microgravity conditions and its compatibility with cell culture and related experimental procedures, has represented a milestone in biological study of gravity.
Indeed, the RCCS has been used to study the effects of microgravity on a wide range of cell types, including cardiomyocytes, lymphoblastoid cells, osteocytes, mouse ES cells, and human ES-derived neural stem cells [29] [30] [31] [32] [33] . To the best of our knowledge, the described experimentation is the first to use hESC-derived neural organoids as a model to examine the potential effects of microgravity on human cortical development.
HESC-derived neural organoids, fated toward cortical neurons, were exposed to microgravity conditions within the RCCS for different lengths of time. We found intriguing results which suggest that exposure to microgravity influences the expression levels of cortical neuronal markers within the hESC-derived organoids. Organoids cultured in the RCCS from day 1 showed a significant decrease in expression of forebrain cortical markers with a corresponding increase in caudal markers. This suggests that signaling of caudalizing factors, such as canonical WNT proteins, is enhanced within the RCCS-cultured organoids. Alternatively, or perhaps in addition, signaling of forebrain patterning factors may be suppressed. The former hypothesis is supported by other studies reporting increased Wnt3a signaling in mouse embryoid bodies cultured in the RCCS, which enhanced mesoendoderm differentiation at the expense of neuroectoderm [30] . Extensive transcriptional profiling of RCCScultured organoids at different timepoints of differentiation will help reveal whether specific signaling pathways are influenced by conditions imposed by the RCCS.
One hypothetical explanation for gene expression differences observed in the RCCS-cultured organoids compared to those cultured in static conditions may be related to possible differences in the diffusion rate of induction factors. However, organoids derived from protocols C and D were exposed to the forebrain induction factors before being cultured within the RCCS (Fig. 1C, D ) and yet still showed reduced expression of forebrain cortical markers relative to protocol A organoids (Fig. 3B, C) . This suggests that expansion and differentiation of neural progenitors within the RCCS influence their fate, and this may be a result of microgravity conditions.
Chiang et al. also described the effects of microgravity exposure on hESC-derived neural stem cells [29] . In their study, hESC-derived neural stem cells were cultured within the RCCS for 3 days, and the results showed metabolic cellular changes, whereby an increase in b adrenoreceptor expression was observed. This resulted in upregulated expression of cAMP, PKA, and CREB, as well as increased ATP levels and mitochondrial biogenesis. While mitochondrial gene expression and metabolic pathways were not investigated in our studies, our data are consistent with their report in showing altered gene expression in human neural stem cells exposed to a microgravity environment. This is further supported by other relevant studies describing how microgravity may alter expression of genes encoding synaptic proteins, mitochondrial proteins, and neurotransmitters within the brain [34] [35] [36] .
Changes in gene expression may influence brain structure and physiology, particularly in the long term. Indeed, there have been reports documenting changes in brain tissue exposed to changes in gravity, such as long term in neuroplasticity, myelination, neurotransmitters, and electrocortical activities [37] [38] [39] [40] . It is not yet fully understood how microgravity may alter cellular gene expression, but one potential mechanism may be through influencing DNA epigenetic changes as previously documented [32] . As we further identify genetic changes within cells exposed to microgravity, we can begin to unravel mechanisms underlying such changes that may be at the DNA level.
In addition to investigating microgravity effects on neurogenesis, our data demonstrate that the RCCS is a suitable device for generating neural organoids from hESC. Similar to other bioreactor systems, the organoids' motion within the RCCS may allow efficient fluid exchange through their center to sustain their growth to a large mass and for long culture periods. Indeed, the size of organoids generated within the RCCS was significantly larger than those generated from using the standard protocol A. However, this size difference may also be attributed to the initial 14 days of neural induction, which occurs as a monolayer or in 3D for standard protocol A and RCCS protocol B, respectively. Nevertheless, RCCS supported both neuronal and glial differentiation within the organoids and may be considered as an alternative bioreactor device for generating tissue-like organoids.
Key advantages of the RCCS are the low sheer stress imposed on cells during rotatory motion and it also doesn't make the use of scaffolds to promote organoid formation, making it more physiological like. For these reasons it is worthwhile to further investigate the application of the RCCS as a platform for generating brain-like organoids, including cerebral organoids, which may require additional factors to promote hESC differentiation to cortical lineages and counterbalance the microgravity effects.
In conclusion, our findings open up more questions relating to how microgravity conditions may impact human development and cell differentiation. Understanding the influence that microgravity has on human nervous system development is essential for bringing astronautical engineering to the next frontier of supporting fetal development in space.
